Introduction
Moderate leaf rolling is an ideal architectural feature of the rice plant (Ma and Yuan 2015) . However, the molecular mechanism that regulates this phenotype remains unclear. Understanding the genetic mechanism that controls rice leaf rolling may impact rice yield and breeding. In general, molecular studies of the rolled-leaf mutants have mapped a genetic locus via traditional cross breeding. Further mapping was also performed using molecular markers (Shao et al. 2005; Yan et al. 2006; Hu et al. 2010 ). Such studies identified various genes that regulated the leaf rolling phenotype including genes that encode transcription factors or miRNAs that regulate leaf development (Shi et al. 2007; Wu et al. 2009; Cho et al. 2013) , modulate bulliform cells and sclerenchyma tissue formation (Xiang et al. 2012) , and indole-acetic acid (IAA)-mediated regulation of leaf development (Fujino et al. 2008) .
In our previous studies, we obtained a rolled-leaf rice mutant, c-rl, with mutation localized on the third chromosome through 60 Co-c irradiation of the native indica rice stable strain, Qinghuazhan (QHZ, Oryza sativa L. subsp. indica) (Yi et al. 2007 (Yi et al. , 2013 (Yi et al. , 2014 . Flavin-containing monooxygenase (FMO) plays an essential role in IAA synthesis and growth. Although we identified the potential location of the gene responsible for the mutant phenotype, the molecular mechanism that bridges FMO mutation and rolled-leaf phenotype was not clear. Our failure to amplify the genetic locus of the c-rl mutant by PCR suggested that a complex mutagenesis pattern may exist within that locus. Recently, we uncovered additional phenotypes in the c-rl mutant including increased germination rate and decreased seed growth indicating that c irradiation may cause extensive genome-wide mutagenesis.
Comparative genomic hybridization (CGH) (Kallioniemi et al. 1992; Freeman et al. 2006; Naseer et al. 2015) has been extensively applied in clinical diagnosis including the detection of genome mutagenesis in pathological tissues (Brady et al. 2013; Byeon et al. 2014; Khoury et al. 2014) . CGH is also used for the detection of genome-wide DNA mutations including copy number variations (CNV), genetic deletions, duplications and amplifications (Hegde et al. 2008; Cahan et al. 2009; Marques-Bonet et al. 2009; Naseer et al. 2015) , which lead to gene cloning and understanding the mechanism of mutagenesis. RNA transcriptome sequencing (RNA-seq) is able to quantify the changing expression levels of different transcriptomes and plays a crucial role in identifying mutation related genes (Wang et al. 2009; Ozsolak and Milos 2011; Liu et al. 2013; Kalra et al. 2013; Lambert et al. 2014) . Recently, some studies have integrated the analyses of genome-wide DNA mutagenesis (e.g. CGH) and mRNA gene expression from transcriptome data (e.g. RNA-seq). These studies have provided novel insights into the molecular mechanisms of the mutants, and effectively accelerated the identification of potential target genes associated with disease pathology (Glaesener et al. 2008; Myllykangas et al. 2008; Jung et al. 2009 ).
As mentioned above, CGH arrays, widely used to identify genomic variations at a high resolution, can be custom-designed with reference genome sequences to target regions of interest. Thus, CGH has the advantages of simple operation, easy detection of genomic rearrangements and complex regions, and no sample amplification requirement, which is routine in other methods such as resequencing. Therefore, to understand the mechanisms regulating the c-rl's phenotypes and to identify the genes responsible for creating the c-rl mutant phenotype, in this study we used a synergistic approach by combining CGH and RNA-seq to analyze the genetic variations in the c-rl locus present in the third chromosome. We identified seven candidate genes and verified their functions by qRT-PCR, RNAi and over-expression analysis in transgenic rice (Zhonghua 11). Our results facilitate a basic understanding of the rolled-leaf phenotype in rice and pave the way for future studies.
Materials and methods

Plant material and growth conditions
The rolled-leaf rice mutant, c-rl, was isolated from a previous 60 Co-c irradiation mutagenesis screen we performed on the dry seeds of Qinghuazhan (QHZ, O. sativa, L. subsp. indica), which is a common rice strain in Guangdong, China (Yi et al. 2007) . Mature seeds of the same size were shelled and soaked in distilled water for 24 h at 25°C, and grown in petri dishes covered with two layers of wet filer paper. The root and shoot lengths of 30 individual seeds per experiment were measured. This experiment had three independent replicates.
CGH analysis
A custom-designed 385 K microarray containing 386,000 probes were designed using the reference DNA sequence from the third chromosome of 93-11, a typical indica variety (http://www.ncbi.nlm.nih.gov/nuccore/ CM000128.1). Roche NimbleGen's CGH probe design criteria were used. The average length of a probe was 50-70 nt and the average distance between probes was 109 nt. Probe design, CGH array scanning and data analysis were carried out using the NimbleGen platform (http://bioservices.capitalbio.com//fwpt/RocheNim bleGenpt/3965.shtml) and performed at CapitalBio Corporation (Beijing, China, http://cn.capitalbio.com). In brief, the genomic DNA from mutants and wild type controls were isolated and labeled with Cy3 and Cy5, respectively. After denaturation and hybridization, the array was washed and probed on NimbleScan (Roche NimbleGen, Inc., Madison, WI, USA) according to the manufacturer's instructions. The CGH analysis was visualized with SignalMAP software (Roche Nimblegen) to identify genomic regions or annotated genes that varied significantly. The gene selection criteria for quality control metrics were determined as follows: Log 2 signal values of C0.25 or values of B-0.25, and with at least five consecutive probes.
RNA-seq
RNA was extracted and sequenced from germinating rice seeds (12 h) by CapitalBio Corporation (Beijing, China). Three independent biological replicates were prepared for RNA-sampling. Briefly, total RNA sample was extracted using Trizol (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol, and purified with RNeasy Plant Mini Kit (QIAGEN, Stockach, German). cDNA library was then prepared (equal amounts of three duplicate RNA samples were pooled to make a library) and sequenced on a Hiseq 2500 platform (Illumina, San Diego, USA). The sequence data were filtered for low-quality (unknown nucleotides [5%, or Q20 \20%) bases and adaptor sequences, followed by assembly and annotation. The RNA-seq reads were aligned to the indica rice reference genome sequences (http://www.ncbi.nlm.nih.gov/nuccore/ 57015217) using Bowtie software (Langmead et al. 2009 ) allowing up to two mismatches. The transcript abundance was designated by the number of reads per kilobase of exon per million mapped reads (RPKM) (Mortazavi et al. 2008) . EBSeq (Leng et al. 2013 ) was employed to evaluate differential gene expression (DEG) between c-rl and QHZ. DEG was considered significant when the log 2 signal ratio was C 1.0 or B-1.0 with a P value B 0.01 between comparisons. Finally, Gene Ontology (GO) functional enrichment analysis was carried out using MAS3.0 system developed by CapitalBio Corporation (http://bioinfo.capi talbio.com/mas3/).
RT-PCR
Total RNA was isolated with TRIzol reagent, and treated with RNase-free DNase I (Invitrogen) to remove residual DNA. Using a reverse-transcription kit (Invitrogen), singlestranded cDNA was first synthesized, and used as a template to amplify cDNA. PCR was performed in a 50 lL volume using 200 ng template containing 5 lL of 10 9 Buffer, 3 lL of 25 mM MgSO 4 , 0.25 lL of each of the Forward and Reverse primers (50 lM), 5 lL of the 2 mM dNTP mixture and 1.0 U KOD plus DNA polymerase. During cDNA amplification, actin primers (0.25 lL each) were also added as controls. PCR amplification parameters were as follows: 94°C for 5 min; 32 cycles of 94°C for 30 s, 55°C for 30 s and 68°C for an appropriate time at the rate of 1.0 kb/min. All cycles had a final extension of 10 min at 68°C. The experiment was repeated three times.
Quantitative real-time PCR (qRT-PCR)
cDNA was synthesized using SuperScript Ò III Reverse Transcriptase (Invitrogen, Carlsbad, USA) according to the manufacturer's instruction. qRT-PCR was performed in a 20 lL volume using 200 ng cDNA, 10 lL of 2 9 Sybrgreen Master Mix (Bio-Rad, USA) and 0.5 lL of each of the Forward and Reverse primers (10 lM). PCR cycle conditions were as follows: 95°C for 2 min; 40 cycles of 95°C for 10 s and 60°C for 10 s. The experiment was repeated three times.
RNAi and over expression analysis
RNAi and over-expression vectors were constructed as previously described (Yu et al. 2010) . For the RNAi construct, cDNA fragments were cloned by RT-PCR with the corresponding primer pairs listed in Table 1 . Each sequence was then cloned into the pYLRNAi.5 vector (kindly provided by Dr. Yao-Guang Liu, South China Agricultural University) between the BamHI and HindIII restriction sites. A second round of PCR was then performed using Reverse primers to amplify the DNA inverted repeat and was subsequently cloned into pYLRNAi.5 to generate the final RNAi construct. To construct the over-expression vector, the full-length cDNA was amplified by RT-PCR and digested with HindIII and BamHI, and then cloned into pYLox.5 (provided by Dr. Yao-Guang Liu). All cloning were verified by sequencing and transformed into a callus initiated from Zhonghua 11 (O. sativa L. subsp. Japonica) seeds using Agrobacterium (strain EHA105)-mediated transformation. Transgenic plants were confirmed by the presence of the hygromycinresistant gene (Hpt) and transplanted into fields and planted under normal conditions. Verification of the gene insertion in transgenic plants was performed as previously described (Murray and Thompson 1980) . Homozygous plants for each independent transgenic line (T 2 ) were used for further molecular and phenotypical analyses. The primers used for verification PCR are listed in Table 1 . Leaf rolled index (LRI) was examined as previously described (Shao et al. 2005) . In brief, the flag-leaf width of rice plants was surveyed in both a natural state (Ln) and an unfolding state (Lw), respectively, at the grain filling stage, and then LRI was calculated using the formula: LRI = (Lw -Ln)/Lw 9 100%. .
Primer design, sequence editing and alignment PCR primers were designed using the online Primer-BLAST tool from the NCBI web site (http://www.ncbi. nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC= BlastHome). DNAstar software (Burland 2000) was used for DNA sequence editing and processing. NCBI Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used for sequence alignment and gene annotation.
Results
Characterization of the c-rl mutant phenotype
Compared with wild-type QHZ, the c-rl mutants had the erect and inward rolling phenotype (Fig. 1a) as we described previously (Yi et al. 2007) . Moreover, the c-rl mutants also had increased germination rates and decreased growth. In the early stages of germination (24 h), the bud length was longer in the c-rl mutants than in the control (Fig. 1b, c) , whereas at 72 h after germination, both the shoot and root lengths were significantly shorter in the c-rl mutants (Fig. 1d) . A further examination suggested that the differences in shoot and root mean lengths diminished gradually 96 h after germination (Fig. 1e, f) .
Gene mutations in the c-rl locus
In our previous study, we had identified that the c-rl locus was located in the short arm of chromosome 3, which also includes an FMO coding gene, OsFMO (t) . Despite the known function of OsFMO (t) in IAA synthesis, it remains unclear whether it is also involved in the regulation of leaf rolling phenotype (Yi et al. 2007 (Yi et al. , 2013 . Moreover, the details of the genetic variation information of that locus are not available (Yi et al. 2014; Wang et al. 2016) . To understand the genetic variations of this locus and to identify other genes related to the c-rl mutant phenotype, we performed a CGH analysis on the third chromosome, which harbors the c-rl locus. We designed high density DNA probes using the reference genome of chromosome 3 from the indica type rice, and hybridized the genomic DNA from c-rl and QHZ against the chip to compare signal differences (Fig. 2) . A comparison between the wild type QHZ and c-rl (S1 Table) revealed a total of 49 hybridization signal alterations including deletions and insertions in chromosome 3 (Fig. 2b, c) indicating the presence of a significant number of gene mutations in the c-rl locus. We previously mapped the c-rl locus in the region between 70,306 and 121,519 bp in the OJ1607A12, a bacterial artificial chromosome (BAC) clone with chromosome 3 from the rice variety, Nipponbare (Yi et al. 2007 ). Using the Blast program to search the genome sequence database, we matched a region Sequences that are bold and underlined represent the recognition sites of restriction endonucleases; ggatcc, aagctt, acgcgt, and ctgcag are recognition sequences of endonucleases BamHI, HindIII, MluI and PstI, respectively spanning 3,778,967-3,841,790 bp in the third chromosome of the rice variety, 93-11. The CGH data suggested that three major regions 5, 6 and 7 were significantly different in the c-rl locus with a log 2 ratio of 2.837, -3.111 and -1.592, respectively (S1 Table) . Region 5 covered the previously reported gene OsFMO (t) (3,814,021-3,819,439 bp); thus, confirming the reliability of our data. Apart from the c-rl locus, 46 additional regions had variations, suggesting the existence of massive genetic mutations in chromosome 3 after irradiation (S1 Table) .
RNA-seq and qRT-PCR analysis
To further investigate the differences in gene expression between the c-rl mutant and wild type QHZ, we used RNAseq to analyze the mRNA transcriptome differences in earlier developmental phases (12 h) prior to significant phenotypic differences emerged (24 h) (Fig. 1b-f ) during seeding growth period. RNA-seq analysis suggested that 12 h post germination, 1060 transcripts showed significant differences in expression between the wild type and mutant. Among these, 823 genes were up-regulated, and 237 genes were down-regulated in the c-rl mutant. Analysis of 1060 genes via functional enrichment classification by GO in three categories including cellular location, molecular function, and biological process showed that these genes were involved in regulating the process of metabolism, cellular component biogenesis and organization, cell death, localization, reproduction and reproductive process, as well as anatomical structure formation (Fig. 3) . Then, we searched the GenBank database via Blast and identified 72 annotated genes among the 49 hybridization signal alterations discovered in CGH. Forty-four of these 72 genes were also identified in the RNA-seq analysis (S1 Table) . qRT-PCR validation of 44 genes showed that seven genes had significant changes in the mRNA levels in the c-rl mutants. Among these, four were downregulated [(OsI_10125 (LOC_Os03g06654), OsI_14045 (LOC_Os03g62490), OsI_14279 (LOC_Os03g62620) and OsI_14326 (LOC_Os03g63250)], whereas the remaining three were up-regulated [(OsI_10794 (LOC_Os03g14950), OsI_11412 (LOC_Os03g21250) and OsI_14152 (LOC_Os03g61360)] (S1 Table) . Because OsFMO (t) (LOC_Os03g06654) was identified previously (Yi et al. 2013 ), we will limit its discussion in this study. DNA sequencing of the above remaining six genes showed that in the c-rl mutant, SNP and InDel variations occurred in the upstream 2.0 kb region and the first intron of LOC_Os03g62490. SNP variations also occurred in the upstream 2.0 kb region, the 5 0 -UTR and the first exon of LOC_Os03g62620 (S2 Figure) . Therefore, the above base mutations were probably the key factors leading to changes in gene expression level in the c-rl mutant. These variations were not found in the sequences of the remaining four genes in the c-rl mutant, suggesting the possibility of other unknown mutations in the mutant's genome, but the exact mechanism remains to be explored.
RNAi and over-expression analysis
In the RNAi group, knocking down LOC_Os03g62620 (A31) significantly impaired gene expression and resulted in plants with rolled leaves, lower seed-setting rates, and decreased seed growth (Fig. 4a-h, o) . As compared to the control, the average leaf rolling index (LRI) increased 138.00, 114.00, 70.00% while seed-setting rate decreased 40.52, 34.34, 33 .74%, in three independent transgenic lines, A31-6, A31-29, A31-35, respectively (Fig. 4f-g ). At 60 h after germination, both the shoot and root lengths of seeds of the three lines were significantly shorter than the control (Fig. 4h) . Interestingly, plants transformed with the RNAi vector, LOC_Os03g62490 (A18) and LOC_Os03g63250 (A38) did not show any phenotypic changes. Transgenic plants over-expressed with LOC_Os03g14950 (A46) showed dwarf and shortened leaf phenotypes ( Fig. 4i-n, p) . The mean plant height was declined by 24.85, 31.25 and 21.18%, meanwhile, the mean flag-leaf length reduced 42.70, 48.93 and 36.72%, in three independent transgenic lines, A46-2, A46-15 and A46-17, respectively. However, ectopic expression of LOC_Os03g21250 (A20) and LOC_Os03g61360 (A50) did not result in phenotypic changes in the transgenic plants.
Discussion
Mutants are essential for functional genomics studies, and can be obtained via chemical or physical-induced mutagenesis. Chemical mutagenesis can be used to introduce point mutations while physical mutagenesis causes extensive mutations, which may give rise to multiple mutant phenotypes (Liu et al. 2009 ). For example, mr21, a mutant rice variety identified by c irradiation, has both leaf color change and low temperature-sensitive phenotypes (Chen et al. 2010) . Similarly, Ueguchi-Tanaka and his colleagues found numerous phenotypes including dwarfism and sterility in a 60 Co-c-irradiated mutant rice variety, gid1-4 (Ueguchi- Tanaka et al. 2005) . In a previous study, we isolated the c-rl mutant via 60 Co-c irradiation of dry QHZ seeds (Yi et al. 2007) . Besides well-known characters such as rolled reduced leaf width to increased tillers, we identified phenotypes with increased germination rate and decreased seed growth suggesting that c irradiation can cause multiple phenotypes such as in the c-rl mutant strain. We performed CGH analysis to investigate the genomewide variations in chromosome 3, which contains the c-rl locus. In addition to the previously characterized locus, we found 46 extra regions with significant mutations, which Transgenic rice generated through empty vector control. Data represent mean (mm) ± SD. * P B 0.05, ** P B 0.01, Student's t test. Bar = 5 cm provides molecular insights into these phenotypes and suggests that c-irradiation has a broad impact on the stability of rice genome. While the 46 extra regions explain the multiple phenotypes observed in the c-rl mutants, further investigation is required to understand whether similar mutations occur in other chromosomes as well. CGH analysis of genome-wide genomic alterations between mutant and wild type are extensively applied for the identification of novel genes and unraveling the molecular mechanisms regulating these phenotypes (Myllykangas et al. 2008; Yang et al. 2008) . Here, we analyzed the genomic variations on the third chromosome between c-rl and QHZ using CGH. We identified 49 regions with significant differences including genomic deletion and insertions and 72 annotated genes within the regions. RNA-seq technology can detect differences in mRNA expression level, and combining it with CGH can help identify mutation-regulating genes (Choi et al. 2014 ). Thus, we used RNA-seq to analyze the mRNA transcriptome differences between c-rl and QHZ during early developmental phases (12 h) before phenotypic differences were manifested (24 h) during the seed growth period (Fig. 1b-f ). This analysis led to the identification of 1060 differentially expressed genes. We further narrowed down the candidate gene number to seven by cross-referencing with CGH data, and validating with qRT-PCR and resequencing based on PCR amplification. The in vivo functional analysis in transgenic plants showed that two genes were related to the c-rl mutant phenotype: LOC_Os03g62620 and LOC_Os03g14950. Moreover, we found that the knock down of LOC_Os03g62620 (A31) resulted in rolled leaf, lower seed-setting rates, and decreased seed growth. LOC_Os03g62620 encodes a late embryogenesis abundant protein (LEA), which plays essential roles in seeding development and tolerance to abiotic stresses (Duan and Cai 2012) . Finally, we showed that plants with ectopic expression of LOC_Os03g14950 (A46)-a lipid transfer protein-coding gene-displayed dwarf and shortened leaf phenotypes. Recently, LOC_Os03g14950 was shown to play a critical role in regulating lipid metabolism, signal transduction, reproduction and pollen development although the underlying mechanisms remain unclear (Lev et al. 2013) . Thus, our data suggested that the two genes, LOC_Os03g62620 encoding a late embryogenesis abundant protein, and LOC_Os03g14950 encoding a lipid transfer protein, are essential for seed growth and leaf development. Given that all these genes are related to the c-rl mutant phenotype, it would be interesting to investigate their individual molecular mechanisms further.
